Primers TMR2_F (5'GACTGGTACC TCCAGTCTTCAATTGCGGCC3'; 126
KpnI site is underlined) and 66R2 were used to amplify a 1358 bp fragment harboring tmr 127 together with its upstream (213 bp, including P2) and downstream (281 bp) intergenic regions. 128
The fragment was restricted with KpnI (New England Biolabs) and ligated into similarly 129 digested pPL2, resulting in pPL84. Primers TMR3_F (5'GACT 130 7 1). Like other plasmids pPLBC was first electroporated in E. coli DH5α followed by selection on 140 LB agar supplemented with chloramphenicol 25µg/ml (22). Plasmids from the E. coli DH5α 141 transformants were confirmed with PCR and restriction analysis followed by electroporation into 142 E. coli S17-1. Recombinant plasmids pPL81, pPL82, pPL83, pPL84, pPLBC and the empty 143 vector (pPL2) were then mobilized into H7550-Cd S via conjugation and integrated into the 144 chromosome, as described (21, 22) . Transconjugants were selected on BHI agar plates 145 supplemented with chloramphenicol (6µg/ml) and nalidixic acid (20µg/ml) at 30° C for 2-3 days, 146
and confirmed using PCR as described (22) pPL83, and pPL84 were diluted 1:20 in BHI supplemented with 15 µg/ml of CV in separate 150 wells of 24-well plates (Corning, NY). The inoculated plates were incubated at 37°C and the 151 decrease in A 590 of the cultures was measured at several intervals using a spectrophotometer 152 (SmartSpec 3000; Bio-Rad, Hercules, CA) until the CV was completely decolorized. 153
Experiments were done in at least two independent trials. For growth assessments, overnight 154 cultures were diluted 1:20 in BHI followed by incubation at 37°C. A 600 was recorded using a 155 spectrophotometer (SmartSpec 3000) at hourly intervals up to eight hours. To assess the impact 156 of CV on growth of H7550 and Cd s -pPL2, cultures (1:20 dilutions in BHI, as above) were 157 incubated at 37°C in the presence of CV (7.5 µg/ml) and CFUs were determined by plating 158 dilutions at 4.5, 24 and 48 h. The assay was done in two independent trials. 159
Transcriptional analyses. L. monocytogenes H7550 and the derivatives of H7550-Cd S (pPL81 160 and pPL83) were grown in BHI at 37°C until mid-stationary phase (A 600 ~ 0.7-0.9, measured 161 using a spectrophotometer [SmartSpec 3000]). Cultures were then divided into two equal 162 on October 17, 2017 by guest http://aem.asm.org/ Downloaded from portions, one of which was supplemented with 15 µg/ml of CV while the other was left untreated 163 and incubated at 37°C for 30 min. Total RNA was isolated from the CV-treated and untreated 164 cultures as described before (21, 23, 24) . RNA was isolated in three independent trials and 165 reverse transcribed as described before (21, 23, 24) . The gene-specific cDNA was reverse 166 transcribed using 0067-R for tmr (24), and s2 for the housekeeping gene spoVG used as 167 reference (21, 23, 25) . 168
Quantitative real-time PCR (qPCR) was employed to assess expression of tmr in the presence 169 and absence of CV using the Applied Biosystems 7500 Fast Real-Time PCR system as per 170 manufacturer's instructions (Applied Biosystems, Foster City, CA) and as described before (21tmr confers CV decolorization and CV resistance to L. monocytogenes strain H7550. 232
Preliminary evidence for the role of tmr in CV resistance and decolorization was obtained from 233 comparisons between strain H7550 (harboring tmr on pLM80) and its pLM80-cured derivative, 234 H7550-Cd S . After overnight incubation at 37°C on BHI agar with 15 μg/ml CV (CV-15), 235 confluent growth with a zone of decolorized CV was seen for H7550 while no growth or 236 decolorization could be noted for H7550-Cd S (data not shown). CV MICs for H7550 and 237 H7550-Cd S were 20 and 2.5 μg/ml, respectively. These strains were also tested with a different 238 triphenylmethane dye, malachite green. Strain H7550 grew noticeably better than H7550-Cd S on 239 agar with this dye (data not shown). Differences were more pronounced and consistent with CV, 240 and the latter was used for the remainder of the study. 241
Cloning of tmr with different upstream and downstream sequences resulted in the 242 chromosomally integrated plasmids shown in Fig. 1 . Strain Cd S -pPL2 (H7550-Cd S harboring the 243 integrated empty vector, pPL2) was susceptible to CV (MIC 2.5µg/ml) and unable to decolorize 244 CV-15 (Table 1, Fig 2) . However, the genetically complemented strains Cd S -pPL81 and Cd S -245 pPL83, harboring tmr and upstream genes (Fig 1) , recovered the ability to grow on CV (MIC 246 ≥15µg/ml) and to decolorize the dye (Table 1, Fig 2) . Resistance to CV was also restored (MIC 247 10 µg/ml; Table 1) in the complemented strains that harbored only tmr together with either the 248 entire (426 nt) or a portion (213 nt) of the upstream intergenic sequence (Cd S -pPL82 and Cd S -249 pPL84, respectively) (Fig 1) . However, pPL82A harboring only tmr with 100 nt upstream of tmr 250 start codon and thus lacking P2 failed to yield E. coli DH5α recombinants on CV-15. These data 251 suggest that tmr can be expressed from the P1 promoter, together with bcrABC and other genes 252 in the bcrABC multicistronic unit, as previously reported (21). Further studies are needed to 253 determine whether tmr in pLM80 and constructs such as pPL81 and pPL83 (which harbor bothsusceptible strains were negative for tmr, regardless of whether they were BC-resistant or not 322 (data not shown). Analysis of numerous other L. monocytogenes strains has failed to identify 323 any that are CV-resistant without also being resistant to BC (data not shown). Previous data have 324 indeed shown that strains harboring conserved bcrABC and adjacent sequences, including tmr, 325 had a pLM80-like bcrABC region and were of diverse serotypes and sources (24). The findings 326 are in agreement with BLAST analysis of L. monocytogenes genomes discussed above, which 327 revealed tmr only when bcrABC was also present. Additional analysis of recently sequenced L. 328 monocytogenes genomes (n=100) from the Short Read Archive (SRA) database 329 (http://www.ncbi.nlm.nih.gov/sra) further supports these findings (data not shown). 330
In conclusion, our findings suggest that in L. monocytogenes CV resistance is associated with 331 tmr and that this gene is typically encountered as a member of a multi-substrate resistance region 332 on pLM80 and related plasmids. In pLM80 this region confers resistance to quaternary 333 ammonium disinfectants, triphenylmethane dyes and the heavy metal cadmium and appears to be 334 a component of a composite transposon (19, 20, 21) . Such genetic attributes associated with 335 mobility likely account for the observed dissemination of tmr and the other resistance 336 determinants among strains of diverse serotypes and sources. 337
It is intriguing that tmr appears to have been introduced into Listeria from a Gram-negative 338 source, and that it was incorporated into the resistance region in a way that allows its 339 transcription not only from its own promoter, conserved in numerous triphenylmethane dye-340 resistant Gram-negative bacteria, but also utilizing the bcrABC promoter for expression. This 341 genetic arrangement appears to have resulted in higher levels of tmr expression, and was likely 342 selected in environments with high burdens of the triphenylmethane dyes. Strains
